Directivity and isotropic band-gap in 12-fold symmetry plasmonic quasi-crystals with small index contrast Appl. Phys. Lett. 99, 181104 (2011) Observation of metal-insulator transition in Al-Pd-Re quasicrystals by x-ray absorption and photoemission spectroscopy Appl. Phys. Lett. 82, 2035Lett. 82, (2003 Thermoelectric properties of icosahedral quasicrystals: A phenomenological approach J. Appl. Phys. 93, 1014Phys. 93, (2003 Large sonic band gaps in 12-fold quasicrystals J. Appl. Phys. 91, 6191 (2002) Metal-encapsulated icosahedral superatoms of germanium and tin with large gaps: ZnGe12 and CdSn12 Appl. Phys. Lett. 80, 859 (2002) Additional information on J. Appl. Phys. A model is presented of an artificial one-dimensional quasicrystal composed of semiconductor quantum dots (QDs) arranged in a Fibonacci sequence. Compared to the typical one-dimensional quasicrystal, the major advantage of this artificial system is that its electronic properties can be tuned by controlling the number of dots in the system. A self-similar hierarchy of energy gaps is found in the energy spectra of this system just as in the one-dimensional quasicrystal and the localized states may appear quite symmetrically in the two main energy gaps of the energy spectra. Numerical calculations show that whether the localized states exist or not, but depends on the number of dots in a way quite similar to the generation of a Fibonacci sequence. Such an artificial structure may offer new research directions in semiconductor QD devices. 
A model is presented of an artificial one-dimensional quasicrystal composed of semiconductor quantum dots (QDs) arranged in a Fibonacci sequence. Compared to the typical one-dimensional quasicrystal, the major advantage of this artificial system is that its electronic properties can be tuned by controlling the number of dots in the system. A self-similar hierarchy of energy gaps is found in the energy spectra of this system just as in the one-dimensional quasicrystal and the localized states may appear quite symmetrically in the two main energy gaps of the energy spectra. Numerical calculations show that whether the localized states exist or not, but depends on the number of dots in a way quite similar to the generation of a Fibonacci sequence. Such an artificial structure may offer new research directions in semiconductor QD devices. The 2011 Nobel Prize in Chemistry is awarded to Shechtman's revolutionary discovery of quasicrystals, which have unusual properties due to their structure that is intermediate between the truly random and periodic lattices. [1] [2] [3] The electronic properties of one-dimensional quasicrystals have been studied by the tight-binding method in previous works, [4] [5] [6] [7] where self-similar hierarchies of energy gaps and localized states 8 were found. In two-dimensional quasicrystals, there also exist energy gaps whose widths and positions depend on the relative strength of interaction between different sites, and the number of localized states becomes prominent when the relative strength of interaction becomes small. 9, 10 Quantum dots (QDs) are man-made structures mainly used as photoelectric devices and for quantum computing. 11, 12 They are often called artificial atoms due to their electronic and optical properties 13 being similar to those of atoms. The QDs can be arranged as molecules, whose properties have been fully studied using the effective-mass envelope function method. 14 Recently it has been found that coupled QDs arranged in a graphene hexagonal lattice have electronic structures quite similar to those of graphene. 15 Therefore, a natural question is whether the coupled QDs arranged as the quasicrystal lattice would have similar electronic structures to quasicrystals.
II. THEORETICAL MODEL
In the model presented here, the shape of each QD is a ball with radius R in which the electrons can move freely. The positions of the centers of the QDs in the Fibonacci chain are given by 
with Vðx; y; zÞ ¼
where m Ã e is the electron effective-mass and Vðx; y; zÞ denotes the electron potential of the Fibonacci QD chain, which is zero within the dots and a constant V 0 otherwise. To obtain the electronic structure of the system, the Hamiltonian in the tight-binding form up to the nearest neighbor 5 is written aŝ
½t n;nþ1 jnihnþ1jþt nþ1;n jnþ1ihnj; (4) with
where M is the number of dots in the chain, and jni is the basis state associated with dot n. The basis states are eigenstates of isolated QDs, which can be written as a)
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where is the spheric harmonics function, n, l and m are the three quantum numbers to denote eigenstates, E nl is the eigenenergy, and C nlm , C 0 nlm are the normalization coefficients. Here the quantum number n is distinguished from the one denoting the dot number.
III. RESULTS AND DISCUSSION
We use the parameters of GaAs material: 16 the effective mass m Ã e ¼ 0:067 m 0 , the QD radius R ¼ 5 nm. The band gaps E C g ðeVÞ of bulk GaAs and AI 0.25 Ga 0.75 As are 1.5194 and 1.8732 eV. The conduction-band offset is assumed to be 65% of the band gap difference, 14 i.e., V 0 ¼ 230 meV. For these parameters, there is only one bound state in the isolated QD, i.e., n ¼ l ¼ m ¼ 0. The on-site energy e n and the hopping energies t n;nþ1 can all be calculated with the distance constant d ¼ 11 nm. In order to calculate the energy spectrum of the Fibonacci QD chain of M dots, the Hamiltonian of the system in Eq. (4) is diagonalized.
In Fig. 2 the energy spectra of the periodic QD chain is compared with the energy spectra of the Fibonacci QD chain for M ¼ 200. In the former case, the energy spectrum is a nearly continuous band. This is different from the discrete energy levels in isolated QD due to the hopping of the electron from one site to another. In the latter case, the energy spectrum is no longer continuous and shows a self-similar hierarchy of energy gaps. 5 There are three main bands in the energy spectrum. The number of eigenstates in the upper band equals the number of eigenstates in the lower band, and the energy gap between the lower band and the middle band is almost the same as the energy gap between the upper band and the middle band. Each band is also split into three subbands.
The trifurcating pattern exhibited in the energy spectrum of the Fibonacci QD chain can be explained using the renormalization-group analysis based on the weak-bond approximation. 17 The spacing between any two QDs in the chain must be either L or S, corresponding to strong hopping energy (T s ¼ 18:085 meV) and weak hopping energy (T w ¼ 4:1589 meV). If we assume the weak hopping is absent, the Fibonacci QD chain is broken into isolated QDs and double-QD molecules. Since the on-site energy is about the same e 0 ¼ 164:1 meV for all the QDs in the chain, the spectrum then consists of only three infinitely degenerate levels, i.e., e ¼ e 0 for the isolated QDs and e ¼ e 0 6T s for the bonding and antibonding molecular states. This explains the three main bands in the energy spectrum. If we take the weak hopping into account, the most prominent effect is resonant coupling of the states of the same energy. For the level e ¼ e 0 , we can build a renormalized chain consisting of the isolated QDs in the original chain. In this new chain, each QD is separated by either one double-QD molecule or two double-QD molecule, and these bonds are arranged in the Fibonacci manner as in the original chain. The same analyses can be applied to the e ¼ e 0 6T s levels and similar renormalized chains can be built. For the three new chains, we can use the weak-bond approximation just used in the original chain, and the three levels e ¼ e 0 ; e 0 6T s are each split into three levels. For each of the sublevels, we can also construct a Fibonacci chain, so the energy-splitting procedure continues on and on until we get the trifurcating energy spectrum. Since the energy splitting becomes smaller and smaller during the procedures, so we can only recognize the bands and subbands in the energy spectrum in Fig. 2 .
In order to investigate the effect of the number of dots on the electronic properties of the Fibonacci QD chain, the calculated energy level diagrams as a function of M are shown in Fig. 3 . When M equals 6; 20; 50; 200; 800, the energy gaps between the main bands or the subbands remain almost unchanged as M changes, and there are no discrete states in the main energy gaps; However, when M equals 5; 10; 60; 290; 890, there appear two discrete states which are situated symmetrically in the two main energy gaps around the middle band. Apart from this all the energy gaps remain almost unchanged as M increases. Now we will explore the differences between the discrete eigenstates in the energy gaps and the other band eigenstates. The eigenvector for a particular eigenstate corresponds to the coefficients of the basis states of different dots in the linear superimposition of the total wavefunction, and represents the distribution of the wavefunction in the Fibonacci QD chain. The wavefunction distributions in the system for one eigenstate in the energy gap ( j ¼ 111) and another eigenstate in the lower band ( j ¼ 110) for M ¼ 290 are shown in Fig. 4 . Obviously the wavefunction of the former state is localized at one end of the chain while the wavefunction of the latter one is extended over a much larger part of the chain. Further calculations show that the two discrete states in the main energy gaps are both localized states at the right end of the chain while other band states are mostly extensive states. Figure 3 shows that whether these localized states 4 in the energy gaps exist or not may depend in some way on the number of dots in the Fibonacci chain. Extensive calculations show that when the number of dots equals 5; 10; 13; 18; 23; 26; 31; 34; 39…, there exist two localized states in the energy gaps. The differences between two adjacent numbers are listed in the following as 5355353553553…. This sequence of numbers composed of 5 and 3 is exactly the same as the typical Fibonacci sequence composed of L and S: LSLLSLSLLSLLS….
We infer that this interesting phenomenon originates from the boundary effect of the finite QD Fibonacci chain. When M equals 5; 10; 13…, there are two consecutive long spacings at the right end of the chain. Although there are also two consecutive long spacings in other parts of the chain when M ! 10, the electron cannot be localized there because the two long spacings are both adjacent to short spacings with strong hopping energies. So the rightmost two QDs are the most isolated ones. If the electron is located at the right end, it has very low probability to hop through the two long spacings and therefore becomes localized. If we isolate these two QDs from the whole chain, the electron in these two QDs has energies e ¼ e 0 6T w for the bonding and antibonding states, which agrees well with the exact energies of the two localized states. When M equals other numbers, there are no two consecutive long spacings at the right end of the chain, so the localized states cannot appear.
IV. CONCLUSIONS
In summary, the electronic properties of the Fibonacci QD chain have been investigated using the one-orbital tightbinding method up to the nearest neighbor. A self-similar hierarchy of energy gaps is found in the energy spectra of this system just as in a one-dimensional quasicrystal. Most importantly, it is shown that the localized states only appear in the energy gaps when the number of dots equals certain discrete numbers. If these numbers are sorted in an ascending order, then the differences of the adjacent numbers have the form of a Fibonacci sequence. This interesting phenomenon is identified as the boundary effect of the finite Fibonacci QD chain. 
